Background and purpose -Minimizing the decrease in muscular strength after total hip arthroplasty (THA) might allow patients to recover faster. We evaluated muscular strength in patients who were operated on using 3 surgical approaches.
Background and purpose -Minimizing the decrease in muscular strength after total hip arthroplasty (THA) might allow patients to recover faster. We evaluated muscular strength in patients who were operated on using 3 surgical approaches.
Patients and methods -In a prospective cohort study, 60 patients scheduled for primary THA were allocated to the direct lateral, posterior, or anterior approach. Leg press and abduction strength were evaluated 2 weeks or less preoperatively, 2 and 8 days postoperatively, and at 6-week and 3-month follow-up.
Results -Differences in maximal strength change were greatest after 2 and 8 days. The posterior and anterior approaches produced less decrease in muscular strength than the direct lateral approach. 6 weeks postoperatively, the posterior approach produced greater increase in muscular strength than the direct lateral approach, and resulted in a greater increase in abduction strength than the anterior approach. At 3-month follow-up, no statistically significant differences between the groups were found. The operated legs were 18% weaker in leg press and 15% weaker in abduction than the unoperated legs, and the results were similar between groups.
Interpretation -The posterior and anterior approaches appeared to have the least negative effect on abduction and leg press muscular strength in the first postoperative week; the posterior approach had the least negative effect, even up to 6 weeks postoperatively. THA patients have reduced muscle strength in the operated leg (compared to the unoperated leg) 3 months after surgery.

Regaining muscular strength is important for postoperative function after hip arthroplasty. Inactivity reduces muscular strength and physical function (McGuire et al. 2001 , Suesada et al. 2007 , Kortebein et al. 2008 , and muscular strength decreases substantially in the first week after total hip arthroplasty (THA) (Holm et al. 2013) . Early recovery and rehabilitation of the weakened musculature is therefore of importance (Sicard-Rosenbaum et al. 2002) . The type of surgical approach used has a major impact on THA stability and muscle function (Masonis and Bourne 2002) .
The direct lateral approach (DLA) is associated with a low dislocation risk (Witzleb et al. 2009 ), but of concern is that it traumatizes the abductor muscles, which can lead to permanent postoperative limp and weakness (Edmunds and Boscainos 2011) . The posterior approach (PA) has been associated with postoperative dislocations (Edmunds and Boscainos 2011, Brooks 2013) , mainly owing to the small femoral heads used to prevent wear (Bystrom et al. 2003) . However, the introduction of highly cross-linked polyethylene into the articulation has reduced wear independently of head diameter (Bragdon et al. 2007 ), leading to increased use of larger head diameters (Lombardi et al. 2011 ). It has also been shown that a posterior soft-tissue repair following PA reduces the dislocation rate (van Stralen et al. 2003 , Suh et al. 2004 ). The anterior approach (AA), first described by Robert Judet in 1947 as a modified Smith-Petersen approach, follows the principles of minimally invasive surgery. This approach provides intermuscular and internervous exposure to the hip (Wojciechowski et al. 2007 ), leading to reduced soft-tissue dissection and trauma (Bergin et al. 2011) . Concerns have been related to higher complication rates owing to wound complications, intraoperative fracture, and compromised fixation after minimally invasive surgery, with increased risks of early revision surgery (Graw et al. 2010) .
There is no consensus on the relative functional advantages of different surgical approaches (Gulati et al. 2008, Edmunds and Boscainos 2011), and differences in maximal strength have not been examined. To our knowledge, there have been no studies comparing the DLA, the PA, and the AA in terms of early maximal muscular strength. We compared these 3 surgical approaches with regard to regaining of maximal muscular strength by 3 months postoperatively in patients undergoing THA.
Patients and methods

Patients
Patients less than 70 years old with a BMI of less than 34 who had a diagnosis of unilateral osteoarthritis and who were scheduled for primary THA were assessed for eligibility. Exclusion criteria were any other disease or illness entailing difficulty with testing. Patients were included between June 2011 and June 2013.
Study design
This was a prospective cohort study with 3 parallel groups. 60 consecutive patients were scheduled for 1of 3 surgical approaches: the direct lateral approach (DLA), the posterior approach (PA), or the anterior approach (AA). Patients were allocated to the groups by the order in which they were included in the study; the first 20 patients were allocated to the DLA group, the next 20 patients to the PA group, and the last 20 patients to the AA group. 1 patient was re-scheduled from PA surgery to DLA surgery because of acute illness on the day of surgery. As surgery was postponed, the surgeon with expertise in PA surgery was not available. Thus, the DLA group had 21 patients and the PA group had 19 patients ( Figure 1 , see Supplementary data). A team of 3 experienced surgeons was in charge of the surgeries, each with expertise in one of the approaches. Therefore, none of the surgeons had a learning curve. The patients followed the standardized fast-track clinical pathway at Trondheim University Hospital (Winther et al. 2015) , including mobilization in the recovery unit as soon as the block from the spinal anesthesia had disappeared. After discharge, the patients were tested at 2 days, 8 days, 6 weeks, and 3 months postoperatively.
Implants
All operations used an uncemented, double-tapered, fully hydroxyapatite-coated stem (Profemur Gladiator, Wright Medical Technology Inc., Memphis, TN, USA). All implants had a modular neck and a ceramic head with a 28-mm or 32-mm articulation. All the patients in the DLA group received a head with a 28-mm articulation. The third patient in the PA group had a hip dislocation, and the remaining patients were given heads with a 32-mm articulation. All the patients in the AA group received 32-mm articulations. The acetabular component was an uncemented, porous cup with a highly crosslinked polyethylene insert (Reflection; Smith and Nephew, London, UK).
Surgical procedures
The direct lateral approach (DLA): Following a posterior curved lateral incision, the hip was exposed through a direct lateral approach, as described by Frndak and modified by Hardinge (1982) . The deep fascia was split proximally in the direction of the anterior fibers of the gluteus maximus, and the common muscle plate of the anterior third of the vastus lateralis and the gluteus medius was dissected subperiosteally from the greater trochanter. During reconstruction of the abductor muscles, the common muscle plate was reinserted into the greater trochanter using 2 non-resorbable osteosutures. This fixation was reinforced with a continuously sewn, slowly resorbable, looped monofilament suture.
The posterior approach (PA): This approach was first described by Kocher and Langenbeck, and later modified by Gibson (1950) . Following a curved skin incision with the top point slightly posterior to the greater trochanter, the incision in the fascia lata was begun in the distal wound. Proximally, the deep fascia was incised in the direction of the anterior fibers of the gluteus maximus. The external rotators (piriformis muscle and gemelli muscles) were divided close to the greater trochanter. From their insertion on the greater trochanter (marked with a suture), they were folded posteriorly, to protect the sciatic nerve. The capsule was incised in the same direction. For closure, the capsule was sutured and the external rotators were reinserted with a non-resorbable osteosuture.
The anterior approach (AA): The approach used was the modified Smith-Peterson approach as described by Berend et al. (2009) . This approach uses the internervous plane between the tensor fascia lata and the sartorius muscles, and moves laterally to the rectus femoris for deep dissection. For closure, a continuously resorbable suture was used in the fascia.
Outcome measures
Strength tests: 2 experienced physiologists and 2 physiotherapists administered the physical performance tests. 2 weeks preoperatively, all patients performed strength tests, expressed as 1 repetition maximum (1RM) in a standardized order. In all strength tests, the initial weight load was decided individually based on the examiner's subjective estimation of the patient's physical fitness. The 1RM strength test is a valid test to assess muscular strength in the lower extremities (Verdijk et al. 2009 ).
1RM leg press: This was tested in a leg-press ergometer with the patient in supine position, using both legs simultaneously (Steens Physical; Ring Mekanikk AS, Moelv, Norway) (Figure 2 , see Supplementary data). Each leg was tested individually: first the operated leg and then the non-operated leg. The test was approved when the patient was able to perform the leg-press movement from an extended position to flexion with a knee joint angle of 90° and a hip joint angle of 90°, and stretch into the extended position again. The weight was increased by 10 kg at each repetition, and the test was terminated when the patient could no longer manage to perform the leg-press movement.
1RM abduction strength:
This was tested with the patient in supine position. An examination bench was customized to fix the patient in a stable position. An adjustable clamp arch against the iliac crest stabilized the pelvis (Figure 3 , see Supplementary data). Both the operated leg and the non-operated leg were tested, with the leg not currently being tested inactivated in a vertical sling. Another sling was placed simultaneously on the leg being tested with its lower edge at the caput fibulae, and mounted on a pulling apparatus. Patients were instructed to place their arms on their chest, to extend the tested leg with toes pointing upwards, and to move the leg in horizontal abduction. The weight load was increased by 2.5 kg at each repetition, and the test was terminated when the patient could no longer perform the abduction movement.
Pain and disease-specific scores: Pain was assessed using a numeric rating scale (NRS) for pain, both during mobilization and at rest (Breivik et al. 2008) . The scores on the NRS were obtained preoperatively, and at 2 days, 8 days, 6 weeks, and 3 months postoperatively. The patients were asked a standardized question at rest before the maximal strength test, and during mobilization as the test was being performed: "On a scale from 0 to 10, where 0 is no pain and 10 is the worst pain imaginable, can you define the pain you have right now?".
Statistics
Statistical calculations were performed using IBM SPSS Statistics version 21 and IBM SPSS SamplePower 3. A leg press strength difference of 20 kg or more was previously regarded as clinically relevant (Husby et al. 2009) , and this was used as a reference when calculating the number of patients needed. In all, 20 patients were to be included in each group, selecting a significance level of 5% and a power level of 80%. Analysis of variance (ANOVA) and Fisher's exact test were used to compare the patients' baseline data. Kolmogorov-Smirnov tests were used to determine whether data were normally distributed. Mixed linear models were used to analyze muscular strength data. Preoperative strength measurements were logarithmically transformed and included as covariates. The strength results were calculated as percentage changes from preoperative values and logarithmically transformed. Logarithmic data transformation was necessary to fulfill the assumption of normally distributed residuals in the linear models.
Bonferroni corrections were used to account for multiple comparisons between groups at the different follow-ups. The level of statistical significance was set at p < 0.05. The underlying test assumptions for all tests were fulfilled. The statistician was blinded to the group allocation.
Ethics
The study was approved by the regional ethics committee (entry no. 2011/450) and conducted in accordance with the Declaration of Helsinki. Each subject gave informed consent before participation in the study. The regional ethics committee had approved the consent form. The study was registered at ClinicalTrials.gov (identifier NCT01506024).
Results
Of the 60 patients included in the study, 2 were excluded owing to complications, and 3 patients were lost to follow-up ( Figure  1 , see Supplementary data). There were no statistically significant differences in the patient baseline data, except for the legpress test, where patients in the PA group were significantly stronger (Table 1 ). There were no statistically significant postoperative differences in pain scores between the groups at any of the follow-up assessments (p = 0.9) (Figure 4 ).
1RM leg press
At 2 and 8 days postoperatively, patients in the DLA group had a statistically significantly larger reduction in muscular strength relative to the preoperative level than did the patients in the PA and AA groups, with no statistically significant difference between the PA and AA groups at 2 and 8 days postoperatively (Table 2) . At 6 weeks postoperatively, there was still a statistically significant difference in percentage muscle strength change compared to preoperative values between the DLA group and the PA group, in favor of patients in the PA group. No statistically significant differences were found between patients in the AA group and patients in the PA group at 6 weeks, or between patients in the DLA and AA groups at 6 weeks. At 3-month follow-up, no statistically significant changes in muscle strength were found between any of the groups ( Figure 5 ). 3 months postoperatively, the leg-press muscular strength was 18% less in the operated leg than in the unoperated leg (p < 0.001), with no differences between the groups.
1RM abduction
At 2 and 8 days postoperatively, patients in the DLA group had a statistically significantly larger reduction in muscular strength relative to the preoperative level than did the patients in the PA and AA groups, with no significant difference between the latter 2 groups (Table 3) . 6 weeks postoperatively, there were statistically significant differences in percentage muscle strength change compared to preoperative values between patients in the DLA and PA groups and between patients in the PA and AA groups, in favor of patients in the PA group. No statistically significant differences in muscle strength changes were found between the AA group and the DLA group at 6 weeks. At 3-month follow-up, there were no statistically significant muscle strength changes between any of the groups (Figure 6 ). At 3 months postoperatively, the abduction muscular strength was 15% less in the operated leg than in the unoperated leg (p < 0.001), with no statistically significant differences between groups.
Loss to follow-up, exclusions, and adverse events 3 patients were lost to follow-up, for personal reasons: 2 in the DLA group before the 3-month test and one in the PA group before the 6-week test (Figure 1 , see Supplementary data). 2 patients were excluded, 1 in the PA group, owing to posterior dislocation before the 3-month test, and 1 in the AA group, in whom the liner had dislocated perioperatively. 2 patients experienced adverse events that did not compromise participation in the study: 1 in the PA group had an accidental dural puncture and 1 in the AA group had a cardiac arrest during surgery, but was successfully resuscitated with no sequelae.
Discussion
It is reasonable to assume that the differences in muscular strength between the groups were caused by differences in the surgical approaches. In the PA, the gluteus maximus, piriformis muscle, and gemelli muscles are the muscles affected. In the DLA, the vastus lateralis, gluteus maximus, and gluteus medius are affected. In the AA, the muscles are mainly spared, but the tensor fascia latae and the rectus femoris, sartorius, and gluteus medius are extensively stretched, owing to the small incision in the skin. The leg-press exercise is performed using the quadriceps, hamstrings, and gluteal muscles. In the DLA, the vastus lateralis muscle is traumatized, owing to the continuation of the incision of the anterior part of the gluteus medius into the anterior part of the vastus lateralis. Leg-press strength is therefore reduced, which may explain the inferior leg-press strength in the patients in the DLA group. Furthermore, the incision in the gluteus maximus in the PA is positioned slightly posteriorly to that in the DLA, which might have fewer implications for legpress muscular strength.
The abduction exercise mainly involves the gluteus medius and the gluteus minimus. The piriformis muscle, the tensor fascia latae, and the upper fibers of the gluteus maximus also contribute, but to a lesser degree. The inferior results in the abduction exercise in the DLA group are therefore not unexpected. By performing the surgery intermuscularly, with no detachment or dissection of muscles and tendons, the abductors are thought to be completely spared in the AA. The AA has previously been found to reduce pain and result in a better clinical outcome (Wojciechowski et al. 2007 ). The benefit of sparing of the abductors can, however, be insignificant if the AA leads to muscle damage to the tensor fascia latae and rectus femoris, as described in a cadaveric study by Meneghini et al. (2006) . This might have been the case in our study, as patients in the PA group did not show less reduction in muscle strength than did patients in the AA group within the first postoperative week. The results indicate that the traumatization of the gluteus maximus in the PA group during surgery had a minor effect on leg-press and abduction muscular strength. The gluteus medius muscle is not affected by the PA (Baker and Bitounis 1989) , which might explain the superior outcome for abduction strength in the patients in the PA group.
As expected, all patient groups improved in muscular strength in maximal leg press and abduction with longer follow-up time, from 2 days up to 3 months postoperatively.
However, the amount of improvement differed. Patients in the PA and AA groups had less reduction in muscular strength than the DLA group from preoperatively until 2 and 8 days postoperatively following THA surgery. At 6 weeks, the PA group still had less reduction in muscle strength than the DLA group in both leg press and abduction, and less reduction in muscle strength than the AA group in abduction strength only. At 3-month follow-up, muscular strength was similar between the groups. This is in line with the findings of Downing et al. (2001) , who reported no difference in abductor strength between their DLA and PA groups 3 and 12 months postoperatively. The abductor muscles are important for a normal gait pattern without limping (Johnston et al. 2007 ). Thus, our findings are important for the everyday function of the patients, particularly in the early postoperative phase. Another relevant clinical finding of our study is that even though muscular strength was increased above preoperative levels at 3 months, the patients did not have equal muscular strength levels in the operated and unoperated legs, either in the leg press test or in the abduction test. Muscular strength was similar between the groups, indicating that irrespective of the approach used, the traumatization of muscles during surgery results in clinically relevant reduction in muscle strength, even 3 months after surgery. Regaining of equal bilateral muscle strength postoperatively is important in achieving a normal gait pattern without limping (Suter et al. 1998 , Johnston et al. 2007 , Talis et al. 2008 , Tsai et al. 2015 . Overloading of the unoperated hip might also increase the risk of developing osteoarthritis in the healthy leg (Suter et al. 1998 , Talis et al. 2008 .
There have been studies demonstrating that the surgical approach has an effect on pain, health-related quality of life, and hip function after THA (Edmunds and Boscainos 2011 , Lindgren et al. 2012 , even up to 6 years postoperatively (Lindgren et al. 2012) . In the present study, we did not find any significant difference in pain scores between the groups. Accordingly, the results from muscular strength measurements did not appear to be influenced by pain.
The strength of our study is that highly skilled surgeons performed all the surgical procedures, thereby minimizing the effect of possible learning curves. Another strength is that the standardized fast-track patient course minimized the risk of possible confounding factors, such as different pain management, rehabilitation, or patient education (Poehling-Monaghan et al. 2015) . The age limit (< 70 years) was set to make it possible to use the same type of uncemented component in all patients. The age of the study population in is in accordance with the majority of THA patients who were operated on in Norway in 2013 (The Norwegian Arthroplasty Register, Report June 2014). The restriction on body mass index in this study is consistent with that in other studies (Restrepo et al. 2010 , Christensen et al. 2014 .
The main limitation of the present study is its non-randomized design. A statistically significant difference in leg-press test results between the groups was present preoperatively and may have been caused by an imbalance seen in the distribution between sexes. However, as the groups were analyzed as ratios based on changes in muscular strength and with preoperative strength included as a covariate, the results should not have been affected by these differences. The patients had different scars and, because of the study design, the examiners were aware of the approach that had been used for each patient.
In conclusion, our findings have shown that patients operated on using the PA and the AA had less reduction in muscular strength following THA surgery than did the patients in the DLA group in the first postoperative week. Although the group differences were most prominent in the first postoperative week, the PA appears to be the surgical approach that has the least negative impact on muscular strength up to 6 weeks postoperatively. Patients operated on using THA had less muscle strength in the operated leg than in the unoperated leg at the 3-month follow-up. Surgical approaches affect postoperative muscular strength differently and could influence early postoperative mobilization and recovery. Figures 1-3 are available on the Acta Orthopaedica website, www.actaorthop.org, identification number 8623.
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